A laboratory experiment on the reconnection of magnetic field lines in plasmas has been performed. A large-volume stationary plasma is produced and a time-varying magnetic field is applied to it. In vacuum the field exhibits an X-type neutral point on axis. Because of the time variation, plasma flows across the separatrix and currents along the separator are induced. The plasma currents modify the magnetic field topology. Flat neutral sheets are observed when flux is transferred across the separatrix into regions of common flux. Forced tearing and magnetic island formation occur in the return phase of the flux. An axial magnetic field is applied along the neutral line. This first part of the report mainly deals with the magnetic field topologies, but subsequent reports will present observations of plasma properties, anomalous resistivity, particle heating, and acceleration.
INTRODUCTION
The reconnection of magnetic field lines in plasmas is one of the key problems in solar terrestrial physics. For a long time it has been considered as a possible mechanism for generation of fast particles in solar flares and magnetospheric substorms [Dungey, 1953] . Numerous authors have proposed theoretical models, which have been reviewed recently by Vasyliunas [1975] . Various computer simulations have been performed in support of the theoretical models [Ugai and Tsuda, 1977; Hayashi and $ato, 1978] . Observations from spacecraft [Frank et al., 1976; McPherron, 1979] generally confirm the existence of fast particles near regions of neutral points, but the data collected from a single observation point are inadequate to obtain a conclusive picture of the largescale processes.
Finally, efforts have been undertaken to model reconnection processes in controlled laboratory plasmas. Pioneering work by Andersen and Kunkel [1969] and by A. Bratenahl and co-workers [Bratenahl and Yeates, 1970; Baum and Bratenahl, 1977 ] stimulated a number of investigations on reconnection processes in pinch-type plasmas [$yrovatskii et al., 1976; Ohyabu et al., 1974] . A striking feature of these experiments was a current interruption resulting in strong particle acceleration. Because of the difficulties in diagnosing high-density transient plasmas a fully detailed picture of the reconnection processes in these plasmas has not yet emerged.
In the present work a new attempt is made at understanding reconnection processes in a laboratory plasma [$tenzel and Gekelman, 1979] . Since the main advantages in modeling space plasma phenomena in the laboratory are diagnostic access, repeatability, and parameter control, we have chosen a parameter regime which optimizes these features. The optimum density is It e = 1012 cm -3, the characteristic size L •, 1 m > c/%i, the magnetic field B -• 20 G such that fi = nkT/(B2/ 2po) = 1. Such a laboratory plasma has been developed by the authors by carefully scaling up hot cathode discharge devices [Stenzel, 1976] . These possess most of the deskable properties of a good laboratory device: The parameters are uniform and stable and can be varied over a wide regime. The plasma properties are diagnosed internally with small probes which provide excellent spatial and temporal resolution without causing serious perturbations of the system. The time scale of Copyright ¸ 1981 by the American Geophysical Union. the pulsed reconnection experiment lends itself to digital data acquisition. The repetition rate is sufficiently high (trcp = 2 s) such that a large amount of detailed information is obtained in a reasonably short time interval.
In the experiment an initially stationary uniform plasma is produced to which a time-varying magnetic field is applied. The latter has antiparallel field lines with an X-type neutral point in the center. The time scale during which the applied magnetic field rises is larger than the Affv6n transit time from boundaries to the neutral point but short compared with the resistive diffusion time for the corresponding distance. The magnetic Reynolds number is Rm •-20. While the electrons are strongly magnetized, the ions remain essentially unmagnetized. Ideal MHD theories model the reconnection process by considering a resistive region containing an X point or neutral sheet surrounded by a perfectly conducting plasma. Fluid flows into this 'diffusion' region carrying frozen influx with it; fluid and reconnected flux subsequently leave. This experiment models the dynamic reconnection processes within and close to the diffusion region. The critical questions to which this experiment is addressed are the magnetic field topologies and the plasma dynamics including heating and acceleration, anomalous resistivity, and fluctuations.
The self-consistent interaction between plasma and magnetic field leads to a complicated space-time dependence of all parameters. We have attempted to measure all important physical quantities in this experiment. Without such a complete data base, erroneous interpretations of the plasma dynamics are easily possible. Because there is such a wealth of data, we wish to break up the subject into four parts. This first paper deals with the magnetic field topology. It will also provide a detailed description of the experimental setup and measurement techniques. In the second part [Gekelman and $tenzel, this issue] we present the plasma properties in space and time, i.e., density, temperature, and potentials. The third part will deal with particle accelerations and flows. Direct measurements of electron and ion drifts have been performed. The force balance between pressure and magnetic forces is investigated. In the fourth part the plasma resistivity and dissipation will be analyzed. From direct measurements of electric fields and currents the resistivity is determined and found to be anomalously large and current dependent. The dissipated power can be accounted for by excitation, ionization, electron and ion heating, and fluid acceleration. Important quantities such as the current distribution, vector potential, and induced electric fields will be derived from the magnetic field measurements.
EXPERIMENTAL SETUP
The experiments are performed in a large linear discharge plasma shown schematically in Figure 1 . Using a 1-m-diameter, indirectly heated, oxide-coated cathode with adjacent mesh anode, adc discharge is generated in argon at a gas pressure Po = 2 x 10 -4 torr. The plasma column is radially confined by a constant uniform axial magnetic field Byo = 20 G. Typical plasma parameters are density n. = 10 '2 cm -3, temperature k T, = 10 k Ti = 5 eV. While the cathode is heated continuously (Ph = 50 kW heater power), the discharge is pulsed repetitively (5 ms on, 1 s off) so as to avoid thermal runaway of the cathode due to the large discharge power (Pd• = 50 V X 1500 A --75 kW). The space charge limited electron emission of the cathode is highly uniform; hence the plasma parameters are essentially constant (An/n < 10%) for --80 cm across Bo --Byo •y and •-200 cm along Bo. The temporal reproducibility from pulse to pulse is excellent (An/n < 5%). The pulse length is sufficient to reach steady state plasma conditions at which time the reconnection experiments are initiated.
Transverse to the axial bias magnetic field Byo a pulsed magnetic field B l(x, z, t) is established whose geometry is sketched in Figure 2a (the magnetotail coordinate system has been adopted here). In vacuum the field topology exhibits an X-type neutral point on axis (x --z --0). The dashed separa- In the second phase, when the applied plate current decreases in time, the electric field is reversed. No current flows to the end plate. However, circulating currents are observed, and the field topology is fundamentally different from that in vacuum, exhibiting an O-type neutral point rather than an X point. When the polarity of the applied waveform is reversed, the current flow in the second phase is as described earlier for the first phase. In the absence of the induced electric field the plasma current along the column is negligible. The discharge current flows between cathode and gridded anode rather than to the end plate [Stenzel, 1978] .
MEASUREMENT TECHNIQUES
The laboratory experiment is designed to optimize the diagnostic access to the plasma. The parameter regime allows us to insert probes into the plasma without significant perturbations of the plasma or damage to the probes. The large scale lengths yield good spatial resolution. The long time scale provides for good temporal resolution. The vacuum chamber is equipped with approximately 50 ports so that the plasma is accessible from all directions.
All the basic parameters of the experiment are carefully In order to describe the magnetic field topology B(r,t) one has to display three vector components as a function of three spatial coordinates and time, possibly for different plasma parameters. We shall have to separate this problem into several steps. First, the spatial dependence will be discussed starting out with one component versus one coordinate, then two components in a plane. Second, the time dependence of the dominant components will be described. Finally, the time dependence of current density and flux calculated from the magnetic fields will be shown.
Spatial Field Properties
In order to compare the magnetic field topologies in plasma and vacuum we start out with the vacuum field properties. Figure 5 shows the x dependence of the field strength B,(x) Figures 9b-9d ) and corresponding contours of constant IBll (Figures 9e-9g) show the temporal transition from a horizontal neutral sheet in phase I (Figures 9b and 9e) via an X-type neutral point in phase II (Figures 9c and 9f) to a vertical neutral sheet at III (Figures 9d and 9g) . Here y --87 cm, ISmax ----23 kA, 1.7 G/contour. 1 la-1 lc) which enhance the field structure near the nulls, and contour maps B_c --const (Figures 1 lg-11i) If the external current would continue to oscillate, the field topologies would repeatedly go through the cycle described above. However, the actual circuit has a strongly damped current waveform, so that subsequent cycles are not comparable with initial ones. Furthermore, the two plate currents are difficult to keep balanced in time, which causes vertical asymmetries in the field pattern noticeable in Figure 11 .
Currents, Flux
From the measurement of the local time-varying magnetic fields one can obtain by spatial differentiaticm the p!_as_m__a_ rent density J --V x B//,o and, by integration, the flux B ß da and vector potential (V x A --B) whose time derivative yields the induced electric field (E = -/}A//}t). These quantities are important in describing reconnection processes and will be discussed here, since they are based on magnetic field measurements. For example, we will show quantitatively the excess flux building up as a result of the slower merging rate in plasmas than in vacuum. Additionally, more detailed data on currents and electric fields will be presented later in con- The present laboratory experiment offers a unique possibility to investigate in detail the dynamic interaction of magnetic fields with plasmas. In this first part we have concentrated on the magnetic field measurements. A major result was the observation of a neutral sheet which developed selfconsistently upon compressing flux through an X-type neutral point. The evolution of this field topology has long been postulated to occur in solar flares and the magnetosphere [Dungey, 1953] , although there the flux dynamics is thought to be caused by plasma flows rather than time-varying currents. We also observed the forced tearing of field lines when the self-generated fields by plasma currents dominate over the externally applied fields. Such a formation of magnetic islands can conceivably also occur in space when plasma flows change in time. The field topology in this experiment is From the magnetic field measurements a number of important quantities have been evaluated. The current density is found, and the resultant total plasma current confirmed by end plate current measurements. The vector potential and induced electric field have been determined. Currents and electric and magnetic fields will later on be used to calculate energy flows (E x H), stored energy (B2/2po), dissipation (E. J), resistivity (E/J), and acceleration (J x B). Thus the magnetic field measurements provide the most important data in the reconnection problem. However, it has to be complemented by measurements of the plasma properties in order to examine the transfer of magnetic to particle energies.
It should be pointed out again that the present data represent ensemble averages over 10 pulses per point, i.e., several thousand pulses per plane. Thus only the repetitive part of the events is displayed, and fluctuations are averaged out. Magnetic field fluctuations are significant near neutral regions, and it is conceivable that instantaneously, the neutral sheet has far more Structure than displayed here. Fluctuations in the current density are more pronounced than those in the magnetic field, since the latter is an integral value over the current distdbution. However, no impulsive interruptions of the plasma current have been observed, which seems to be a characteristic feature of inverse pinch devices. A careful study of the fluctuation phenomena will be performed in the future.
